The unique chlorosome antenna complexes found in green phototrophic bacteria are the most densely packed pigmented light-harvesting complexes known and contain self-assembled bacteriochlorophyll (BChl) c, d, or e aggregates (1). Chlorosomes are central to the ability of green bacteria to carry out photosynthesis under very low light conditions (2) . While most of the enzymes that contribute to the biosynthesis of BChl in protein-pigment light-harvesting antenna complexes have been investigated in detail, there have been few studies of the enzymes involved in synthesis of chlorosome pigments.
Chlorosomes contain relatively few proteins compared to other photosynthetic antenna systems. The functions of most of the chlorosome proteins remain to be understood. For example, while Chloroflexus aurantiacus is one of the most investigated green filamentous anoxygenic phototrophic (FAP) bacteria, the functions of the chlorosome proteins are completely unknown, except for CsmA, which is known to function as the baseplate pigment-binding protein and to mediate energy transfer from BChl c to BChl a in the integral light-harvesting complexes (13, 25) .
The genome of C. aurantiacus has been completely sequenced (http://genome.jgi-psf.org/finished_microbes/chlau/chlau.home .html), so combinations of biochemical and genetic studies have recently become possible. In this work, we used spectroscopic, proteomic, and gene expression approaches to investigate the chlorosome proteins and unexpectedly identified Mg-protoporphyrin IX monomethyl ester aerobic cyclase (AcsF) in chlorosomes under anaerobic growth conditions. Two cyclase enzymes are capable of forming the isocyclic ring ("E ring") that is found in all (bacterio)chlorophylls: AcsF and Mg-protoporphyrin IX monomethyl ester anaerobic cyclase (BchE). The roles of the AcsF and BchE proteins have been suggested to be conversion of Mg-protoporphyrin IX monomethyl ester into Mg-divinyl-protochlorophyllide (PChlide) by catalyzing the isocyclic ring formation under aerobic and anaerobic conditions, respectively ( Fig. 1) (21, 22) . The acsF-like gene can be detected in diverse organisms, from bacteria to algae and higher plants, whereas the gene encoding BchE is found strictly in anaerobic bacteria. Interestingly, both the acsF and bchE genes exist in C. aurantiacus. As a result, alternative roles for AcsF in the chlorosomes and in anaerobic growth need to be considered, and some hypotheses are reported in this work.
MATERIALS AND METHODS
Materials. DNA oligomers used in this work were purchased from Integrated DNA Technologies and used without further purification. Enzymes and kits for the reported molecular biology studies are described below.
Cell cultures. Chloroflexus aurantiacus J-10-fl cells were cultured in "D" medium as reported previously (7) under anaerobic and semiaerobic growth conditions at 48°C in low-intensity light (6 W/m 2 ). Only one small air bubble in the incubation bottle was allowed for anaerobic growth, whereas approximately half of the volume in the 200-ml bottle was filled with medium for semiaerobic growth (see Fig. 2A ). The cultures were harvested after 3 days, when the A 863 and A 742 values were 0.46 and 1.57 for anaerobic growth and 0.48 and 0.97 for the semiaerobic growth, respectively.
Isolation and characterization of chlorosomes. C. aurantiacus cells were harvested by centrifugation at 5,471 ϫ g for 15 min. After sonication and removal of the cell debris by centrifugation at 20,000 ϫ g for 30 min, the membrane fraction was separated from the soluble fraction by ultracentrifugation at 200,000 ϫ g for 2 h. The chlorosomes, located in the membrane fractions, were fractionated using a 15 to 45% sucrose density gradient as reported earlier (4, 26) . The purified chlorosome fraction was characterized by the UV/visible spectrum and also subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis (12% Tris-glycine).
SDS-PAGE analysis. For SDS-PAGE analysis, the chlorosome fraction was incubated in methanol at room temperature for 10 min and centrifuged, and the supernatant liquid was removed to release the pigments and soluble components from the chlorosome envelope. The pellet (the chlorosome envelope) was then subjected to SDS-PAGE analysis.
Protein identification by MALDI-TOF fingerprinting. In-gel protein digestion by trypsin for matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF) analysis was used, following the procedure reported previously (6, 23) . Briefly, the Coomassie G-250-stained SDS-PAGE (12.5% Tris-glycine) gel was destained, and bands were excised and minced into ϳ1.0-mm 3 pieces. After the Coomassie blue dye was removed, each gel sample was digested with ϳ6 g of proteomic-grade trypsin (Sigma) in either 500 l of 50 mM ammonium bicarbonate or 20 mM Tris-HCl buffer (pH 8.0) at 37°C overnight. The digested peptides were extracted from the gel using 60% CH 3 CN and 1% trifluoroacetic acid solution and analyzed using MALDI-TOF (Applied Biosystems 4700 proteomics analyzer) measurements. The MALDI-TOF samples were prepared by mixing a 1:1 volume of sample:matrix (10 mg/ml ␣-cyano-4-hydroxycinnamic acid in 50% CH 3 CN, 0.1% trifluoroacetic acid) on an ABI-192-AB stainless steel plate. Reflection positive mode was used for sample measurements. Each spectrum was averaged by summing 40 measurements with 50 laser shots/measurement. The proteins were identified by searching the peptide masses against the bacterial entries in the NCBI database using the Mascot software program (Matrix Science, London, United Kingdom). The oxidation of methionine, tryptophan, and histidine and the acrylamide adduct (C 3 H 5 NO) of cysteine were included as variable modifications during the database search.
In-solution trypsin digestion. Purified chlorosomes (80 l) were incubated with trypsin (6 g) in 180 l (final volume) of 20 mM Tris-HCl buffer (pH 8.0) at room temperature for 2 days. At the end of the incubation, the digested peptides were filtered by a Microcon YM-10 concentrator (Millipore) (28) . The flowthrough fraction was colorless, indicating that the chlorosome envelope remains largely undisrupted after protease digestions. The digested peptides were desalted by using ZipTip C 18 (Millipore), dried, and resuspended in double-distillation water. The liquid chromatography-tandem mass spectrometry (MS) studies were conducted using an LTQ-FT ICR machine (Thermo Fisher, San Jose, CA). Peptides were identified by searching the peptide accurate mass (accuracy Ͻ 10 ppm) and the tandem mass against the NCBI database using Mascot, with methionine, tryptophan, and histidine oxidation as the variable modifications.
Atomic absorption spectrum measurements. The iron concentrations in the isolated chlorosome fraction were measured on an AA600 atomic absorption spectrometer (Perkin-Elmer, Ueberlingen, Germany) with a wavelength of 248.3 nm and Mg(NO 3 ) 2 as a modifier (9) . The calibration was performed with 50, 16.6, and 5.5 g/liter of Fe in the standard containing 100 g/liter various metal ions. The chlorosome samples for the atomic absorption measurements were dialyzed against the metal-free distillation water before the measurements. The amount of Fe in the metal-free water is under the instrumental detection level (1.2 pg/liter or 0.0044 absorbance/s). Each measurement was carried out in triplicate, and the mean of triplicates was used.
RNA isolation and purification. C. aurantiacus cells were harvested after 3 days' growth under semiaerobic or anaerobic conditions. RNA was isolated from the cell pellets using TRIzol reagent (Invitrogen) according to the manufacturer's protocol, and possible DNA contamination was further removed by DNase treatment. The genomic DNA contamination in the RNA samples was examined by PCR (data not shown). The RNA samples were quantified using a NanoPhotometer UV/visible spectrophotometer (Implen, Munich, Germany) and had an A 260 /A 280 ratio of Ͼ1.95 prior to being subjected to the subsequent experiments. Two independent preparations of RNA samples under each growth condition were used to collect gene expression data (described below).
Quantitative real-time PCR (QRT-PCR). QRT-PCR was carried out to profile the gene expression under different growth conditions of C. aurantiacus. cDNA was synthesized from 1 g RNA and 100 M random 9-mer DNA using Superscript III reverse transcriptase (Invitrogen). The QRT-PCRs were performed via the ABI 7500 real-time PCR system (Applied Biosystems). The primers for QRT-PCRs (shown in Table 1 ) were designed using the Primer Express 2.0 software program (PE Applied Biosystems) and analyzed by using the OligoAnalyzer 3.0 software program (Integrated DNA Technologies). The Power SYBR green master mix (PE Applied Biosystems) was used to amplify DNA with the following thermal cycles: an initial denaturation step (15 min at 95°C), followed by 40 amplification cycles (15 s at 95°C, 30 s at 60°C, and 45 s at 72°C) and then 1 dissociation cycle (15 s at 95°C, 1 min at 60°C, and then 15 s at 95°C). The data were analyzed as suggested in the manufacturer's protocol (Applied Biosystems). The threshold cycle (C T ) was calculated as the cycle number at which ⌬Rn (the magnitude of the fluorescence intensity generated by the given set of PCRs) crossed the baseline. Data were normalized by calculating ⌬C T ϭ C T of the target gene Ϫ C T of the internal control gene (16S rRNA). Normalized ⌬C T data from C. aurantiacus cells growing in the anaerobic condition were compared to data from C. aurantiacus cells growing in the semiaerobic condition, in which ⌬⌬C T ϭ ⌬C T anaerobic Ϫ ⌬C T semiaerobic . Each experiment was repeated six times for validation, and the mean value was reported (Table 2) . Further, the amplified DNA fragments were verified by 1% agarose gel electrophoresis (see Fig. S1 in the supplemental material).
RESULTS

Growth of C. aurantiacus cultures under various conditions.
In contrast to the strictly anaerobic environment required for growing green sulfur bacteria (GSB), green FAP bacteria, such as C. aurantiacus, are more tolerant of oxygen and are known to grow under anaerobic, semiaerobic, and aerobic conditions (7) . The FAP bacteria function as phototrophs under anaerobic and semiaerobic growth conditions in the presence of light Fig. 2A) . The orange-red appearance in the semiaerobic culture can be partially explained by the presence of various isoforms of carotenoids, since C. aurantiacus is known to contain large amounts of carotenoids (8) .
The formation of chlorosomes in green phototrophic bacteria (both GSB and FAP) has been routinely detected by the A 740 absorption of BChl c in the cell cultures. Figure 2B indicates that less chlorosome pigment is produced in semiaerobic growth (optical density at 740 nm [OD 740 ] of 0.97) than in anaerobic growth (OD 740 of 1.57), indicating that chlorosome formation is sensitive to the oxygen level in the cultures. In contrast to the decrease of BChl c and chlorosomes, the reaction center BChl a (with absorbance at 865 nm and OD 865 s in the anaerobic and semiaerobic cultures of 046 and 0.47, respectively) and the carotenoid level (shown in the blue-green region [400 to 500 nm] of the spectrum) are comparable in the semiaerobic cultures to those in the anaerobic cultures (Fig. 2B) .
Characterization of the chlorosome. The chlorosomes described in this work were isolated from the anaerobic cultures grown in low-intensity light, while the spectral features are similar between the chlorosomes purified from anaerobic and semiaerobic cultures (data not shown). Figures 2C and D show that the reaction center BChl a, with absorbance at 865 nm, embedded in the cytoplasmic membrane (Fig. 2C) , was clearly absent in the purified chlorosome fraction of C. aurantiacus (Fig. 2D) . The disappearance of the 865-nm peak, along with the absorption at 740 nm, has been commonly used as a spectroscopic probe for identifying the isolated chlorosomes of C. 
The values for ⌬C T and ⌬⌬C T in Table 2 were obtained from the various primer sets listed in Table 1 aurantiacus (4) . The purified chlorosomes were also analyzed by SDS-PAGE (Fig. 3) , in which the most dominant bands on the SDS-PAGE gel were excised and subjected to in-gel digestion followed by MS analysis. In contrast to the GSB Chlorobium tepidum, in which 10 chlorosome proteins have been identified (10), only three chlorosome proteins, CsmA (ϳ6 kDa), CsmM (ϳ11 kDa), and CsmN (ϳ18 kDa), in C. aurantiacus were reported previously by Fuller, Feick, and coworkers (4, 16). As expected, our proteomics data confirmed that the low-molecular-mass 11-and 16-kDa bands in SDS-PAGE (Fig.  3) are the CsmM and CsmN proteins, respectively ( Fig. 4 ; see also Tables S1 and S2 in the supplemental material). The smallest chlorosome protein reported previously, CsmA, is not shown in the 12% SDS-PAGE gel in Fig. 3 but was detected in an 18% SDS-PAGE gel instead (data not shown). Since CsmA is arguably the chlorosome protein whose structure and function have been most investigated (3, 11, 20, 29) , studies described in this report focused on other relatively unknown chlorosome proteins in C. aurantiacus.
Identification of the AcsF protein in the chlorosome preparation. In contrast to the low-molecular-mass peptides CsmA, CsmM, and CsmN, no higher-molecular-mass proteins in the chlorosome were reported by Sprague and coworkers (26), so we decided to identify the dominant ϳ40-kDa band on our SDS-PAGE gel by MS. Although a 0.95-kb RNA resulting from a cotranscribed csmM-csmN gene was found in Northern blot analysis by Niedermeier et al. (17) , the molecular mass of the possible cotranslated product would have been around 30 kDa. However, to our surprise, the dominant 40-kDa band was identified by MS to be the magnesium-protoporphyrin IX monomethyl ester (oxidative) cyclase, AcsF ( Fig. 4C ; see also Table S3 in the supplemental material). Twenty-one digested fragments (sequence coverage, 49%) were found to match the predicted trypsin-digested patterns, with a score of 108 reported by Mascot (http://www.matrixscience.com/), which defines the sequence coverage as significant when the score is Ͼ71. The acsF gene in C. aurantiacus encodes a 45-kDa peptide (375 amino acid residues). Several secondary structure prediction programs were used to provide the structure information of AcsF, CsmM, and CsmN (see Fig. S4 in the supplemental material), and most portions of these proteins are predicted to have either an ␣-helix or random coil conformation.
To acquire the topology and more structural information for the three chlorosome proteins, we also subjected the isolated chlorosomes to in-solution trypsin digestion. The chlorosome envelope is a special lipid monolayer, in contrast to the lipid bilayer in other cellular membranes, so the transmembrane prediction programs available at the website www.expasy.org are not suitable for predicting the topology of the chlorosome proteins. All of the chlorosome proteins are predicted to be soluble proteins. The MS for the in-solution digestion can identify only a few peptide fragments from AcsF in the isolated chlorosome samples ( Table 3 ), suggesting that a significant portion of the AcsF protein is not accessible to protease. In contrast, more peptide fragments for the chlorosome proteins CsmM and CsmN can be identified by in-solution digestion (Table 3), indicating that a large part of CsmM and CsmN is exposed to the solvent. Together, our studies suggest that the detected AcsF protein is associated with the chlorosome envelope. This observation is consistent with findings in previous studies that AcsF homologs and aerobic cyclases are found in the membranes of Chlamydomonas reinhardtii (14, 15) , Arabidopsis thaliana (30), barley (24) , and Synechocystis sp. strain PCC 6803 (12) .
Iron detected in the chlorosome fraction. A significant amount of Fe, 1.5 g/ml in the chlorosome fraction with an OD of ϳ20 per cm at 740 nm, was detected in the isolated chlorosomes by atomic absorption spectroscopy (see Materials and Methods). Although Li and coworkers suggested that a putative iron-sulfur cluster protein, CsmY, is likely to locate in the chlorosome of C. aurantiacus (10), our SDS-PAGE data showed that even if CsmY does exist in our chlorosome fractions, the protein expression level is minor at best. Our data suggest that the detected Fe ions are most likely associated with abundant AcsF proteins in the chlorosome, since AcsF is proposed to contain the putative binuclear iron motif by sequence alignments and no Fe-binding motif can be identified in other reported chlorosome proteins from C. aurantiacus.
Gene expression of acsF, bchE, csmM, and csmN. In addition to biochemical studies, we also applied gene expression analysis to investigate the genes encoding the proteins described above. RNA was extracted from the anaerobic and semiaerobic cultures grown in low-intensity light and was analyzed using reverse transcription followed by QRT-PCRs. The data analyses for gene expression for acsF (caur_2590), bchE (caur_3676), csmM (caur_0139) and csmN (caur_0140) were performed using the 16S rRNA gene (caur_R0008) as the internal standard. Two different primer sets were used for studying the expression of each target gene. As shown in Table 2 , all of the targeted genes were upregulated under the anaerobic conditions compared to results under the semiaerobic conditions, except that the expression levels of the acsF gene are rather similar in response to different oxygen levels. The upregulation of the bchE gene in anaerobic growth is consistent with the assumption that BchE, the anaerobic cyclase, is responsible for the formation of the isocyclic ring (the "E" ring) of BChls in anaerobic bacteria. Since chlorosome formation is enhanced in anaerobic growth, upregulated gene expression is also expected for the chlorosome-associated proteins CsmM and CsmN (Table 2) . It is not expected, however, that the acsF gene, encoding the "aerobic" cyclase, would be expressed under both anaerobic and semiaerobic conditions, and the gene expression level is not lower under anaerobic conditions than under semiaerobic conditions.
DISCUSSION
Significance of this work. Although both the acsF and bchE genes can be identified in the genome of C. aurantiacus, no studies of these proteins in C. aurantiacus or any green phototrophic bacteria have been reported. Two unexpected results were discovered in our studies. First, under anaerobic growth conditions, when the bchE gene product is responsible for pigment synthesis, the AcsF proteins were detected by SDS-PAGE and the acsF gene was not downregulated. Second, the AcsF proteins were detected in our isolated chlorosome fractions.
Coexistence of acsF and bchE genes in some phototrophs. Our studies suggested the coexistence of the acsF and bchE gene products in the FAP bacterium C. aurantiacus under anaerobic conditions. In addition to C. aurantiacus, BLAST search and previous studies suggest the coexistence of the acsF and bchE genes in several phototrophs, such as Roseiflexus sp. (FAP), Roseiflexus castenholzii (FAP), Bradyrhizobium sp. (purple bacterium), Rhodopseudomonas palustris (purple bacterium), Methylobacterium sp. (purple bacterium), Synechocystis sp. PCC 6803 (cyanobacterium) (12) , Rubrivivax gelatinosus (purple bacterium) (18) , Rhodobacter sphaeroides (purple bacterium), and Roseobacter denitrificans (purple bacterium). Other than Synechocystis sp. strain PCC 6803, most of the bacteria mentioned above are facultative bacteria and can be grown under both aerobic and anaerobic conditions. The AcsF and BchE proteins in those facultative bacteria have been proposed to catalyze isocyclic ring formation under aerobic or anaerobic conditions (Fig. 1) , as suggested in the studies of the purple bacterium Rubrivivax gelatinosus (18) .
Location of AcsF. Previous studies of AcsF in different organisms demonstrated that AcsF is membrane associated (12, 14, 15, 24, 30) . It is interesting to note that Chl27, an AcsF analogue in Arabidopsis, is found to be equally distributed in both the inner-envelope and thylakoid membranes (30) . Thus, it is possible that the AcsF proteins may also be present in the cytoplasmic membrane of C. aurantiacus. Work is in progress to test this hypothesis. Nevertheless, it has been generally accepted that many plasma membrane protein complexes are absent from the chlorosome envelope, so if the AcsF protein is present in the chlorosome envelope, some special features of AcsF may lead to its location there.
Possible roles of AcsF in (the chlorosome of) C. aurantiacus. If the roles of AcsF and BchE in C. aurantiacus are to catalyze isocyclic ring formation under different oxygen growth conditions, as proposed for some of the facultative bacteria (18) , the presence of abundant AcsF in anaerobic cultures and comparable gene expression levels of acsF in anaerobic and semiaerobic growth would not be expected. The fact that the AcsF protein is abundant in anaerobic growth is puzzling, because the function of AcsF has been suggested to be catalyzing isocyclic ring formation under aerobic conditions with molecular oxygen as the oxygen source for installing the C-13 1 keto moiety in the isocyclic ring of (bacterio)chlorophylls (22) . Further, if the AcsF proteins in the chlorosome are directly or indirectly involved in the formation of PChlide without the participation of oxygen molecules, one may expect that significant amounts of BchE would have been detected in the chlorosome. No such results were observed in our studies, even though reverse transcription-PCR data suggested that the bchE gene is upregulated under anaerobic conditions (Table 2) .
Related to our work, an unexpected function was also discovered in one of the BchE homologs in Synechocystis sp. strain PCC 6803, in which three bchE-like genes were suggested from the bacterial genome (12) . Minamizaki et al. demonstrated that none of the bchE genes have significant effects on PChlide formation and chlorophyll a biosynthesis under either aerobic or "micro-oxic" growth conditions and found that one of the bchE mutants, the ⌬sll1242 mutant, can grow only on agar plates and not in liquid medium (12) . The authors suggested that that the sll1242 gene may play some important roles in Synechocystis sp. strain PCC 6803. Similarly, our presented studies may also suggest additional roles for the putative AcsF and/or BchE proteins in such facultative bacteria as C. aurantiacus. The sequence alignments indicate that in contrast to the 70% or higher sequence identity detected between the BchE protein in C. aurantiacus and those in other FAP, GSB, and purple bacteria (see Fig. S2 in the supplemental material) , 50% or lower identity can be found between the AcsF protein in C. aurantiacus and those in most other organisms (except for ϳ70% identity with that of Roseiflexus sp.) (see Fig. S3 in the supplemental material), implying that AcsF in C. aurantiacus may have different properties. Taken together, it is likely that AcsF in C. aurantiacus has unrevealed biological functions, irrelevant to isocyclic ring formation, in the chlorosome envelope during anaerobic growth. Here we discuss three working hypotheses based on the data presented in this report and previous studies by other groups, as follows.
(i) AcsF and BchE in C. aurantiacus may be responsible for biosynthesis of different BChls. The absorption spectra in Fig.  2B suggest that the levels of the reaction center BChl a is almost the same in semiaerobic and anaerobic growth cultures, whereas the chlorosome level is significantly lower in the semiaerobic cultures. Table 2 indicates that the gene expression levels of acsF are comparable in anaerobic and semiaerobic growth and that gene expression of bchE is downregulated under semiaerobic conditions. Thus, it is possible that AcsF and BchE are responsible for biosynthesis of BChl a and BChl c, respectively. However, several questions cannot be resolved with this hypothesis: (i) GSB, containing only the bchE gene, can produce BChl a and BChl c, d, or e; (ii) some FAP bacteria can generate only BChl a yet contain both the acsF and bchE genes; (iii) the difference in Fig. 1B could be due to downstream gene expression being repressed for BChl c, but not BChl a, biosynthesis under semiaerobic conditions; and (iv) more importantly, if AcsF is responsible for the isocyclic ring formation of BChl a under anaerobic conditions, a different reaction mechanism needs to be used by AcsF because molecular oxygen is no longer available. Together, as with the roles suggested for other photosynthetic bacteria (5), it is likely that BchE, a putative cobalamin and oxygen-sensitive [4Fe-4S] cluster/S-adenosylmethionine-dependent enzyme, is responsible for various isoforms of BChl biosynthesis in C. aurantiacus in anaerobic growth and that AcsF and/or BchE is required for the biosynthesis of BChls under semiaerobic conditions.
(ii) The AcsF protein in C. aurantiacus may be important for electron transfer under anaerobic growth conditions. The nonheme binuclear iron center proteins can be divided into two major types. First,the oxidoreductase-type enzymes, catalyzing the oxidation of chemical insertion hydrocarbons, include the soluble methane monooxygenase family, the stearoyl-ACP desaturase family, class I ribonucleotide reductase, etc. Electron transfer, dioxygen cleavage, and oxygen insertion are common themes in these binuclear iron proteins, and such a mechanism was proposed for the isocyclic ring formation catalyzed by AcsF in the presence of oxygen (Fig. 1) (12) . None of the known binuclear iron oxidoreductases are functional without oxygen participation. Second, the ferritin-like proteins, which are responsible for iron storage, oxygen transport, phosphoryl transfer, and other unidentified biological functions, comprise hemerythrin, bacterioferritin, rubrerythrin, purple acid phosphatases, etc. In the first type, the R2 subunit of the class I ribonucleotide reductase is known to function as a protoncoupled electron transfer protein (27) . It is possible that the C. aurantiacus AcsF protein may function as an electron transfer protein under anaerobic conditions and as an oxidoreductase with oxygen available. Some residues, such as three Cys residues in C. aurantiacus AcsF in the vicinity of the putative binuclear iron binding sites, may directly or indirectly be involved in electron transfer. The functions of C. aurantiacus AcsF under anaerobic and semiaerobic conditions may or may not be related.
Vassilieva and coworkers found three [2Fe-2S] cluster chlorosome proteins, CsmI, CsmJ, and CsmX, in C. tepidum and proposed that these proteins are important for the energy and electron transfer in C. tepidum chlorosomes (31, 32) , because [2Fe-2S] clusters play important roles in electron transfer and cellular signaling for a variety of organisms (19) . At least two of the three genes encoding [2Fe-2S] proteins have been identified for the GSB strains with sequence information available. The authors postulated that in the presence of oxygen, the excitation energy quencher (likely to be chlorobiumquinone in GSB [2] ) is activated by transfer of an electron directly or indirectly to O 2 and that [2Fe-2S] cluster proteins can inactivate the quencher by transferring an electron to the quencher, so the excitation energy can be transferred from BChl c to the reaction center. However, it has been demonstrated that the redox-dependent quenching effect observed in GSB is not observed in FAP bacteria (2) . Thus, if AcsF functions as an electron transfer protein in the C. aurantiacus chlorosomes, the role is probably not similar to the proposed roles of [2Fe-2S] proteins in C. tepidum or other GSB.
(iii) The AcsF protein may serve as an iron transport protein. Most of the characterized binuclear iron center proteins are involved in redox chemistry, but not the ferritin protein. A BLAST search shows that AcsF proteins belong to the ferritinlike superfamily, the class of binuclear iron center proteins responsible for iron storage and nonredox biological functions (described above). Since iron is required for the function of cytochromes in the electron transport chain, it is possible that AcsF is important for transporting the iron to the reaction center and associated proteins near the chlorosome envelope. If this hypothesis holds true, one may expect that different iron transport pathways are adopted in C. aurantiacus versus the case for the GSB and other anaerobic bacteria, in which the acsF gene is absent.
Altogether, it is clear that even for the most investigated FAP bacterium, C. aurantiacus, the role(s) of AcsF is far from being understood. Additionally, since no studies have been described previously for AcsF and BchE in any green bacteria, which have a specialized photosynthetic compartment-the chlorosome-caution is needed when comparing the properties and mechanism of action of AcsF and BchE in GSB and FAP bacteria with the studies of high plants, algae, and other bacteria. We are currently investigating these two enzymes with both in vitro and in vivo studies.
